Background: Preformed ␣-synuclein fibrils seed the aggregation of soluble ␣-synuclein in cultured cells and in vivo. This, and other findings, has kindled the idea that ␣-synuclein fibrils possess prion-like properties. Objective: As ␣-synuclein fibrils should not be considered as innocuous, there is a need for decontamination and inactivation procedures for laboratory benches and non-disposable laboratory material. Methods: We assessed the effectiveness of different procedures designed to disassemble ␣-synuclein fibrils and reduce their infectivity. We examined different commercially available detergents to remove ␣-synuclein assemblies adsorbed on materials that are not disposable and that are most found in laboratories (e.g. plastic, glass, aluminum or stainless steel surfaces). Results: We show that methods designed to decrease PrP prion infectivity neither effectively remove ␣-synuclein assemblies adsorbed to different materials commonly used in the laboratory nor disassemble the fibrillar form of the protein with efficiency. In contrast, both commercial detergents and SDS detached ␣-synuclein assemblies from contaminated surfaces and disassembled the fibrils. Conclusions: We describe three cleaning procedures that effectively remove and disassemble ␣-synuclein seeds. The methods rely on the use of detergents that are compatible with most non-disposable tools in a laboratory. The procedures are easy to implement and significantly decrease any potential risks associated to handling ␣-synuclein assemblies.
INTRODUCTION
The protein alpha-synuclein (␣-Syn) is the principal component of Lewy bodies and Lewy neurites, which are the neuropathological hallmarks of Parkinson's disease and other synucleinopathies [1] [2] [3] . Monomeric ␣-Syn assembles in vitro under * Correspondence to: Luc Bousset, Paris-Saclay Institute of Neurosciences, CNRS, 91190 Gif-sur-Yvette, France Tel.: +33169823479; Fax: +33169824111; E-mail: luc.bousset@ inaf.cnrs-gif.fr. physiological pH and salt conditions into fibrils of amyloid nature [4] [5] [6] [7] [8] . These assemblies, as well as some of their on-assembly pathway precursors, are toxic to cells [9] [10] [11] [12] [13] . Fibrils made in vitro amplify by seeding the aggregation of soluble ␣-Syn following uptake by cells [14] [15] [16] [17] [18] . The fibrils are also taken up by cultured primary neurons, transported anterogradely and retrogradely and transmitted to neighboring neurons [19] and/or microglia, oligodendrocytes and astrocytes [20] [21] [22] . In addition, mounting evidence suggest that ␣-Syn made in vitro, when injected within the olfactory bulb, the enteric nervous system, the muscles or the central nervous system of model animals, propagates to connected regions and trigger the formation of protein deposits resembling those present within the central nervous system of Parkinson's disease patients [23] [24] [25] [26] . When injected systemically, the fibrils can also cross the brain-blood barrier, accumulate within the central nervous system and seed endogenous ␣-Syn aggregation [18] . Altogether, these observations suggest that ␣-Syn assemblies are toxic to cells, are taken up, amplify and have the potential to propagate pathological protein deposits from one cell to another within the central nervous system. This led to the notion that they possess prion-like properties [27] , meaning that they should not be considered as innocuous. Consequently, it is pertinent to develop guidelines for how to best handle pathogenic ␣-Syn assemblies in the laboratory.
Efficient decontamination and inactivation procedures have been implemented in the prion field for reusable material. These procedures call on the use of sodium hypochlorite (20,000 ppm available free chlorine), sodium hydroxide (1N) and autoclaves (121-134 • C for 1 hour) or a combination of hydrogen peroxide and copper ions [28] [29] [30] . These procedures may be used to clean material contaminated by ␣-Syn assemblies, however there are no reports evaluating their efficiency and milder conditions may be sufficient to greatly reduce any potential health hazards related to handling ␣-Syn assemblies in laboratories or hospitals. Here we assess the cleaning efficiency of established decontamination procedures. We also describe a milder cleaning procedure we implemented that removes ␣-Syn assemblies adsorbed on plastic, glass, aluminum or stainless steel surfaces yielding efficient decontamination. ␣-Syn assembly yields several fibrillar polymorphs exhibiting distinct toxicity and seeding propensities [17, 18] . We evaluate here the stability of ␣-Syn oligomers and two fibrillar polymorphs we named fibrils and ribbons, when they are exposed to the different cleaning solutions and demonstrate efficient depolymerization of the fibrillar polymorphs under cleaning procedures that rely on the use of detergents.
MATERIALS AND METHODS

Reagents used for decontamination
The following reagent were used in this studies : 10% (W/V) SDS solution (Euromedex # EU0760), (V/V) Hellmanex II (Hellma #500300.11-F10W), (V/V) TFD4 (Franklab), (W/V) NaOH (Euromedex # 21162), MilliQ water (Millipore using a "Milli-Q ® Reference"),(W/V) Sodium hypochlorite 9.6% (Lajot, Pintaud Inc., Mansle, France).
Preparation of α-Syn assemblies
The expression and purification of human wildtype ␣-Syn was performed as previously described [31] . For ␣-Syn oligomers formation, ␣-Syn (200 M) was incubated in buffer A (50 mM Tris-HCl, pH 7.5, 150 mM KCl) at 4 • C, without shaking, for 7 days. Oligomeric ␣-Syn was separated from the monomeric form of the protein by sizeexclusion chromatography (Superose 6 HR10/300, GE Healthcare) equilibrated in buffer A. For fibril and ribbons formation, ␣-Syn was incubated in buffer A and buffer A supplemented with 1 mM EDTA, respectively, at 37 • C under continuous shaking in an Eppendorf Thermomixer set at 600 r.p.m for 4 days (Fig. S1 A) . For labeling, the fibrils and ribbons were centrifuged twice at 15,000 g for 10 min and resuspended twice in PBS while the oligomers were buffer exchanged using NAP10 desalting columns (GE Healthcare) equilibrated in PBS. All preformed ␣-Syn assemblies were labeled with Atto-550 NHSester (Atto-Tec Gmbh # AD 550-35) fluorophore following the manufacturer's instructions using a protein:dye ratio of 2:1 based on initial monomer concentration (Fig. S1 B) . The labeling reactions were arrested by addition of 1 mM Tris pH 7.5. The unreacted fluorophore was removed by NAP10 desalting columns for oligomeric ␣-Syn and by a final cycle of two centrifugations at 15,000 g for 10 min and resuspensions of the pellets in PBS for ␣-Syn fibrils and ribbons. The nature of fibrillar ␣-Syn forms was assessed using a JEOL 1400 transmission electron microscope following adsorption onto carbon-coated 200-mesh grids and negative staining with 1% (W/V) uranyl acetate (Fig. S1 A) . The images were recorded with a Gatan Orius CCD camera (Gatan).
Spotting α-Syn assemblies on different surfaces
Plastic slides (Permanox Microscope Slides (Nunc # 160005)), Glass (Glass slides for microscopy, Sigma # S8400-1PAK), Aluminum and stainless steel plates (2 × 20 × 60 mm) were pre-treated with sandpaper (grit size P1000) to make the surfaces rougher. 2l samples of oligomeric or fibrillar ␣-Syn contain-ing 1g of protein, were spotted, and allowed to dry over night at 37 • C in the dark (Fig. S1 D) .
Cleaning procedure
Slides and plates, one per beaker with four spots on each (Fig. S1D) , were incubated in the dark, holding on their shortest edge, fully immerged in glass beakers containing 50 ml of washing solution (MilliQ water, SDS (1%, W/V), NaOH 1N, Hellmanex II (1%, V/V), TFD4 (1%, V/V), sodium hypochlorite (20 000 ppm of free available Chlorine, prepared immediately before use form 9.6% (W/V) sodium hypochlorite stock solution), under gentle agitation (50 rpm) with a magnetic stir bar (8 × 3 mm) at room temperature for 1 hour. Slides and plates were removed, and washed in glass beakers containing 50 ml of MilliQ under the same agitation conditions. All operations were carried out in the dark. Finally slides and plates were removed from the glass beakers and allowed to dry over night at 37 • C in the dark.
Quantification of α-Syn assemblies
Fluorescence measurements ␣-Syn was detected directly on the slides and plates using its Atto-550 fluorescence, by a LAS3000 imager (Fuji) using the excitation Green LED (520 nm) and emission filter at 575 nm (575DF20). Acquisition was performed in duplicate using two sensitivity settings « Standard », and « Super » by exposition increments of 5 seconds. The slides for all replicates on a given surface were imaged at the same time. The 5 s increments were used to increase the signal (additive effect). All comparisons were done on the same acquisition with the same sensitivity of the photomultiplier/camera and exposure time. Images were processed and quantified using Image J, briefly, the fluorescence intensity of each spot was integrated using « Oval selection » tool with a fixed diameter (fig. S1D blue circles). The background was measured on a neighbouring area and subtracted. The proportion of remaining ␣-Syn was calculated for each spot as the fluorescence intensity after cleaning divided by the initial fluorescence intensity. The method detection limits assessed from serial dilution experiments are: 0.001 g for plastic and glass, 0.01 g for aluminum and stainless steel surfaces.
Inactivation assay
Fibrillar ␣-Syn (28g e.g. 20l at 100M) was dried in 500L polycarbonate tubes (Beckman Coulter, cat# 343776). The different cleaning solutions were added (200 l) and the tubes were incubated 1 h at room temperature. The tubes were subjected to ultracentrifugation (100.000 g for 30 min at 25 • C in a tabletop TL100 ultra centrifuge using a TLA120.1 rotor) and the absorbance at 550 nm before and after centrifugation were recorded using an HP 8453 UVVis spectrophotometer (Hewlett Packard).
RESULTS
Binding of α-synuclein assemblies
Oligomeric and fibrillar (fibrils and ribbons; Fig.  S1 A) ␣-Syn adhere to various surfaces made of plastic, glass, stainless steel, or aluminum. To better mimic the conditions encountered in laboratories where the surfaces are not necessarily smooth, all surfaces were pre-treated with sandpaper to make the surface rougher, increase the attachment of the material and diminish elimination by gentle wiping. Fluorescently labeled oligomeric and fibrillar ␣-Syn (1 g in 2 l) were spotted on plastic, glass, stainless steel, or aluminum strips. The droplets were allowed to dry overnight at 37 • C. The spots were clearly visible by eye or by fluorescence on the surfaces (Fig.  S1 D) .
Cleaning procedures and quantitative assessment of the fate of α-Syn assemblies
The washing procedure consisted of two steps where the contaminated surfaces were immersed in washing solutions of different compositions under gentle agitation with a magnetic stirrer (50 rpm) followed by a washing step with MilliQ water. The washing solutions were recovered for further quantification of the amount of fibrillar ␣-Syn detached from the contaminated surfaces. The surfaces were dried again and the amount of remaining oligomeric (Fig. 1A) and fibrillar (Fig. 1B) ␣-Syn was quantified by fluorescence measurements. After removal from the contaminated surfaces ␣-Syn fibrils may either disassemble in the cleaning solutions or remain in the solution, in which case the solutions need further inactivation. We therefore assessed the amount of non-fibrillar ␣-Syn remaining in the cleaning solutions following centrifugation.
We quantified the amount of oligomeric and fibrillar ␣-Syn that remained attached to the different surfaces after washing with each one of the following solutions: i) sodium hypochlorite (20,000 ppm); ii) sodium hydroxide (1N), (both efficient in diminishing prion infectivity); iii) SDS (1%, W/V); iv) Hellmanex (1%, V/V); v) TFD4 (1%, V/V). In a control experiment, the surface was washed with just MilliQ water. We quantified the amount of oligomeric and fibrillar ␣-Syn remaining attached to the surfaces by measuring the amount of fluorescent ␣-Syn remaining on the contaminated surfaces ( Fig. 1A and  B) . The fluorescence intensity of fibrillar ␣-Syn initially spotted on the different surfaces was arbitrarily set to 100%. The amount of fibrillar a-Syn remaining on the different surfaces after the washing step, represented by the measured fluorescence intensity, was expressed relative to the initial 100% fluorescence intensity. The washing solutions did not affect the fluorescence of the ATTO-550 dye (Fig. S1C) . We found that SDS (1%, W/V, in MilliQ water) removes adsorbed oligomeric and fibrillar ␣-Syn effectively from all surfaces except for plastic (Fig. 1) . Two commercial detergents, TFD4 and Hellmanex (1%, V/V, in MilliQ water), gave slightly better results for all surfaces (Fig. 1) . As ␣-Syn assembles into distinct fibrillar polymorphs, we assessed the cleaning efficacy of SDS and Hellmanex (1%, V/V, in MilliQ water) using the polymorph we named ribbons (Fig.  S1A ). Fig. 1C shows that ribbons are removed as efficiently as fibrils from plastic, glass, aluminum and stainless steel surfaces.
To determine the fate of desorbed ␣-Syn fibrils and ribbons and whether they remain fibrillar or disassemble in the washing solutions, ␣-Syn fibrils and ribbons were incubated with the different cleaning solutions for 1 h and subjected to ultracentrifugation. Based on ATTO-550 absorbance measurements, we determined the amount of non-fibrillar fluorescent ␣-Syn in the supernatant of the different solutions used to clean plastic, glass, steel, or aluminum and expressed the results as fractions of the initial total fibrillar ␣-Syn amount before centrifugation (Fig. 2) . After being exposed to water alone, 92-94% of the ␣-Syn that was initially present in fibrillar form remained as fibrils ( Fig. 2A) and ribbons (Fig. 2B) . ␣-Syn fibrils ( Fig. 2A) detached from all surfaces when exposed to the commercial detergents TFD4 and Hellmanex disassembled almost completely (less than 2 ± 1% remained fibrillar in nature). Similarly, 97 ± 1% of ␣-Syn fibrils detached by SDS from all surfaces disassembled completely. In short summary, the commercial detergents TFD4 and Hellmanex largely removed ␣-Syn assemblies from plastic, glass, steel, or aluminum surfaces and also disassembled the fibrils ( Fig. 1 and 2) . We found that SDS treatment led to disassembly of ␣-Syn fibrils, with similar efficiency to that we had observed using TFD4 and Hellmanex. The disassembly of ␣-Syn ribbons did not reach the same extent in the presence of Hellmanex, SDS and TFD4 given that the proportion of fluorescent ␣-Syn ribbons ranged from 20 to 40% (Fig. 2B) with TFD4 being the less efficient detergent. By contrast, when we cleaned the surfaces using solutions previously shown to effectively diminish prion infectivity, e.g. sodium hypochlorite (20,000 ppm) or sodium hydroxide (1N), we found that they were ineffective at removing fibrillar ␣-Syn (both fibrils and ribbons) from the contaminated surfaces. Thus, these solutions did not effectively disassemble the fibrils and we found that 58 ± 15% of ␣-Syn fibrils remained attached to plastic surfaces while only 0 to 25 ± 6% were solublized. We conclude from these observations that the commercial detergents Hellmanex, and SDS (1%, W/V) are the most suitable cleaning reagents for removal and neutralization of ␣-Syn seeds from contaminated surfaces to a level where they become undetectable by the methods used here.
DISCUSSION
Findings that fibrillar ␣-Syn can seed the aggregation of monomeric ␣-Syn both in cell cultures and in animal models, coupled to observations that injected ␣-Syn fibrils propagate from the olfactory bulb, intestine, muscle and the blood to the central nervous system suggest that ␣-Syn fibrils should be handled with caution in laboratories and hospital settings.
Akin to what has already been reported for prions [32] and A␤ [33] , aggregated ␣-Syn in homogenates derived from the brains of transgenic mice that progressively develop ␣-synucleinopathy seeds aggregation of ␣-Syn when injected into the brains of mice after formaldehyde fixation of the brain tissue homogenate [34] . While this suggests ␣-synucleinopathies can be transmitted from one mouse to another, in an artificial laboratory setting, it does not provide proof that transmission occurs in any other paradigm or in, e.g., humans. A study performed on recipients of human growth hormone purified from cadavers concluded that there is no evidence for transmission of ␣-Syn aggregates between humans [35] . This retrospective study, however, does not definitively exclude the possibility that ␣-synucleinopathy can transmit between humans. The ability of protein seeds to transmit disease depends on several factors. First, the purification procedure of human growth hormone (based on ammonium sulfate precipitation and size exclusion chromatography) [36, 37] , while insufficient to fully eliminate infectious prions from the preparation might well destroy other protein assemblies and/or change their seeding propensity. Second, the amount of ␣-Syn seeds necessary to trigger ␣-synucleinopathies in human might well be higher than that of the prion protein seeding units required to trigger CreutzfeldtJakob disease. Third, difference in the resistance of different types of protein seeds to degradation following injection into a tissue may explain variations in disease transmission/induction efficiencies. Considering that the amounts of ␣-Syn fibrils that are used in the laboratory exceed by orders of magnitude the amount of prion protein seeds that are needed to transmit disease, we recommend that work safety conditions are based on a worst-case scenario where ␣-Syn aggregates are considered infectious.
Safety rules have been implemented in facilities where autopsies are performed to confirm Creutzfeldt-Jakob Disease diagnosis and in laboratories where potentially infectious material is handled [38] [39] [40] . They are mostly based on avoiding the use of material, such as needles, that can cause penetrating wounds and on the careful collection of potentially infectious biological material and its inactivation by well-defined procedures [28] [29] [30] . Reusable surgical instruments decontamination protocols were also implemented to minimize the transmission of spongiform encephalopathies after neurosurgical procedures were suspected to allow such transmission [41] . Similarly, procedures allowing the inactivation of A␤ seeds have been described [42, 43] .
We implemented in our laboratories stringent rules to avoid the generation of aerosols when shearing by sonication fibrillar ␣-Syn into short seeds. As many of the tools we use to handle ␣-Syn fibrils are not disposable, we first tested methods designed to decrease the infectivity of human and animal prion particles regarding their ability to clean exposed surfaces and to disassemble ␣-Syn fibrils. Typically, the nondisposable tools we use in the laboratory are made of plastic, glass, stainless steel or other metals. We therefore assessed the ability of prion inactivating procedures to remove ␣-Syn fibrils, ribbons and oligomers that we had left to dry on the above listed materials.
As it is important to determine whether the fibrils have retained the fibrillar structure prior to disposing of the cleaning solutions, we also determined whether they remained fibrillar or had disassembled into their constituting soluble ␣-Syn in the washing solutions. We found that methods designed to decrease prion infectivity are ineffective at removing fibrillar ␣-Syn adsorbed to different materials commonly used in the laboratory and do not disassemble ␣-Syn fibrils ( Fig. 1 & 2) . The most likely explanation is that these are different assemblies made of distinct proteins. In contrast commercial detergents and SDS not only detach dried fibrillar ␣-Syn from contaminated surfaces, even when they are scratched, but also disassemble the fibrils. Based on our findings and experience, we have summarized good laboratory practices for fibrillar ␣-Syn in Table 1 . We conclude that cleaning procedures relying on the use of detergents that are compatible with most non-disposable tools in a laboratory are simple to implement and highly recommended when working with fibrillar ␣-Syn in a laboratory setting. The procedures we describe remove and inactivate ␣-Syn fibrillar assemblies to a level where they are undetectable using the 
